An electrochemical detection system for an isothermal DNA amplification method using an ion-selective electrode (ISE) was developed as a low-cost, simple and real-time monitoring system. The system is based on potentiometry using an ethidium ion (Et + ) selective electrode that relies on monitoring DNA amplification by measuring potential changes in the reaction solution containing ethidium bromide (EtBr) as an intercalator to DNA. With progressing primer generationrolling circle amplification (PG-RCA) under isothermal condition at 37 C, EtBr is bound to the newly formed DNA, resulting in a lowered free EtBr concentration in the sample solution. In this case, the Et + ISE potential allows real-time monitoring of the PG-RCA reaction in the range of 10 nM -1 μM initial target DNA.
Introduction
Quantitative DNA assays are useful for the clarification of life phenomena, early diagnosis of genetic diseases or infections, and the detection of viruses, among others. DNA amplification is also a standard procedure for DNA sequencing and detecting small amounts of DNA. [1] [2] [3] [4] Most commonly, quantitative DNA assays rely on fluorescence-based methods, such as real-time PCR using the SYBR Green fluorescent indicator, the TaqMan probe or molecular beacons. [5] [6] [7] [8] This method detects the accumulation of amplicons in real time. The initial concentration of target DNA can be determined by comparing the amplification kinetics between the target and an internal control with a known number of DNA copies. However, the assay requires an expensive and large dedicated device, such as a spectrofluorometer combined with thermal cyclers, and complex operations due to the repetition of denaturation, hybridization and elongation cycles. Therefore, the development of quantitative DNA detection technology focusing on point-of-care applications and miniaturization is required.
To achieve miniaturization and a cost-reduction of equipment, electrochemical analysis is considered to be the most suitable, since it is a fast, highly sensitive, accurate and simple approach. 9, 10 Redox-active DNA binding intercalators, such as methylene blue, ruthenium complexes and osmium complexes, are available. [11] [12] [13] [14] [15] [16] [17] [18] [19] These redox-active materials electrostatically bind to the phosphate backbone of DNA. Ion-selective fieldeffect transistors (ISFETs) as semiconductor-based integrated devices directly measuring hydrogen ions released during PCR have been shown to have the potential for applications to highthroughput systems. 20, 21 Currently, devices of lower cost than fluorescence-based systems are already commercially available. Electrochemical biosensors are also applied to molecular sensing devices for point-of-care diagnostics. 22 However, electrochemical sensors show a temperature-dependent behavior. Therefore, in the present study, an isothermal DNA amplification method, as typically represented by linear rolling circle amplification (LRCA), has been adapted. [23] [24] [25] [26] Isothermal DNA amplification methods do not require a thermal cycler, thus contributing to the simplicity of the sensing system. In addition, these techniques are easy to use and cost effective. In this work, focus has been set on primer generation-rolling circle amplification (PG-RCA), 27, 28 which allows simple and effective DNA amplification over a wide concentration range under an isothermal condition at 37 C, a comparatively low temperature, since many copies of primers are continuously produced during the reactions.
In this work, an electrochemical DNA quantification system based on PG-RCA was developed. DNA amplification is performed by PG-RCA in the presence of ethidium bromide (EtBr), which is a cationic fluorochromic dye that inserts into double-stranded DNA (dsDNA). [29] [30] [31] [32] [33] [34] [35] [36] A potentiometric system consisting of a small ethidium ion-selective electrode (Et + ISE) as a working electrode and a small reference electrode has been developed. ISEs can directly determine the target ionic species selectively in complex sample solutions. [37] [38] [39] [40] [41] [42] binding of EtBr to DNA has been investigated by potentiometric methods based on ethidium-selective electrodes, [43] [44] [45] [46] [47] it has not been applied to the real-time monitoring of DNA amplification. In the measurement system developed here, EtBr is bound to the newly formed DNA with progressing PG-RCA, resulting in a lowered free EtBr concentration in the sample solution, as schematically shown in Fig. 1 . This decrease is measured using an Et + ISE relying on potassium-tetrakis(4-chlorophenyl)borate (KTpClPB) as a lipophilic anion exchanger. The decrease in the measured potential value allows for the monitoring of PG-RCA in real-time at 1 μM, 100 nM and 10 nM of the initial target DNA concentration. The scale-down of the electrochemical measurement system is useful to reduce the sample volume and costs, as well as to allow a simple setup. The development of a small, simple, low-cost electrochemical real-time detection system for PG-RCA of DNA using an Et + ISE is reported. The circular probe (PAGE-purified) was obtained from Nippon gene Co., Ltd. (Tokyo, Japan), and target DNA (PAGE-purified) was obtained from Gene design Inc. (Osaka, Japan).
Experimental

Reagents and chemicals
The circular probe sequence was 5′-Phos-GTGGTTGTCTTC-TCCTCAGCTCTATCGGATTTGTATCTCTCCTCAGCCTAT-CGGATTTGTATCTCTAAGCAGT-3′ for the target DNA of 5′-CAACCACACTGCTT-3′.
Potassium-tetrakis(4-chlorophenyl)borate (KTpClPB), Siloprene K1000 and Siloprene closslinking agent K-11 were obtained from Sigma-Aldrich (St. Louis, MO). Tris-HCl buffer (pH 7.0) was purchased from Kanto Chemical (Tokyo, Japan). Ethidium bromide (EtBr), NaCl, MgCl2, Na2HPO4, citric acid, tetrahydrofuran super dehydrated stabilizer free (THF) and KCl (saturated solution) for electrodes were purchased from Wako Pure Chemical Industries Ltd. (Osaka, Japan). Agarose S tablet, 50 × TAE (tris acetate EDTA) and Gene Ladder Wide 1 were purchased from Nippon Gene Co., Ltd. (Tokyo, Japan).
CircLigase II 10 × reaction buffer, 50 mM MnCl2, CircLigase II ssDNA ligase and exonuclease I were purchased from Epicentre Biotechnologies (Madison, USA). 10 × NE buffer 2 (50 mM NaCl, 10 mM Tris-HCl, 10 mM MgCl2, 1 mM DTT (dithiothreitol)), phi29 DNA polymerase and Nb.BbvCI nicking endonuclease were purchased from New England Biolabs Japan Inc. (Tokyo, Japan). 6 × Loading buffer and dNTP mixture (2.5 mM each) were bought from Takara Bio Inc. (Shiga, Japan). The circular probe was purified using the QIAquick Nucleotide Removal Kit (Qiagen, Tokyo, Japan). Potential measurements were performed using the open-circuit potential-time mode of the electrochemical analyzer, Model 660A (BAS Inc., Tokyo, Japan). The Ag/AgCl saturated KCl reference electrode and the Faraday cage were purchased from BAS Inc. (Tokyo, Japan). Thermal incubation was done in a mini dry bath incubator (Hangzhou Allsheng Instruments Co., Ltd., Zhejiang Province, China). The DNA concentration was determined using a NanoDrop 2000/2000c (Thermo Fisher Scientific Inc., Kanagawa, Japan) instrument. Agarose gel electrophoresis was performed using a Mupid ® -exU (Takara Bio Inc., Shiga, Japan) system and the EtBr fluorescence on gels was measured with a 2UV transilluminator (BM Equipment Co., Ltd., Tokyo, Japan).
Fabrication of electrode
The Et + ISE shown in Fig. 2 (a) was fabricated according to the procedure described below: Ag wire (7.0 cm length) was coated up to half with Ag/AgCl ink. Silicon-based ISE membranes were prepared by dissolving 14 mg of KTpClPB, 302.4 mg of Siloprene K1000 and 33.6 mg of Siloprene closslinking agent K-11 in 1.0 ml of THF. The end of a silicon tube (3.0 cm length) was dipped in the membrane solution, removed and allowed to dry. The tube covered by the resulting membrane was filled with an internal electrolyte solution consisting of 10 mM KCl and 10 mM phosphate buffer (pH 7.0), and the Ag/AgCl wire was inserted. The top of the tube was sealed by Parafilm. Finally, the Et + ISE was conditioned by soaking in a conditioning solution overnight.
For the reference electrode shown in Fig. 2(b) , a 2.0% agarose gel of 3.0 M KCl was solidified in a capillary tube (3.0 cm length). An Ag/AgCl wire was inserted and sealed in a similar way as for the Et + ISE. The prepared electrodes were kept in a 3.0 M KCl solution.
Preparation of the circular probe
The circular probe was circularized according to a previous report. 28 Briefly, 20 μL of a mixture containing the circular probe (1.0 μM), CircLigase II 1 × reaction buffer, MnCl2 (2.5 mM), and CircLigase II ssDNA ligase (5.0 U/μL) was incubated at 60 C for 2.0 h. After ligation, the mixture was incubated at 80 C for 10 min to inactivate the CircLigase II ssDNA ligase. The unligated linear probe was digested by adding Exonuclease I (10 U/μL) and incubation at 37 C for 2.0 h, followed by 5 min at 80 C to inactivate the exonuclease I. The ligated circular probe was purified using the QIAquick Nucleotide Removal Kit (Qiagen). On average, the concentration of circular probes was 300 -800 nM.
Real-time monitoring of PG-RCA
Generally, all measurements were conducted using the miniaturized Et + ISEs and reference electrodes. At first, however, proper working of the Et + ISEs was verified using a commercially available reference electrode. Next, 30 μL reaction samples containing 1 × NE buffer, dNTP mix (500 μM), ligated circular probe (50 nM), phi29 DNA polymerase (0.04 U/μL), Nb.BbvCI nicking endonuclease (0.4 U/μL), EtBr (5 × 10 -5 M) and target DNA of different concentrations were prepared. After setting up the electrodes, the microtube filled with the sample was sealed off by Parafilm. Finally, incubation was performed at 37 C, and the potential change was measured for over 2.0 h. The reaction was terminated by incubation at 80 C for 20 min. A vibration-absorbing sheet was placed under the heat block, and the entire measurement system was additionally sealed by covering it with a cardboard box entirely lined by aluminum foil.
Results and Discussion
Potential response of Et + ISE
To confirm the potential response of the measurement system, consisting of an Et + ISE and a reference electrode, EtBr samples of various concentrations (1 × 10 -7 -1 × 10 -3 M) were used.
The measured potential response, E, and the sensitivity of the electrodes were evaluated according to the Nernst Eq. (1):
where E0 stands for the standard electrode potential at 25 C, R the gas constant, T the temperature, z the valence of the ion, F the Faraday constant, and a the ion activity, respectively. Silicon was used as a membrane material for fabricating Et + ISEs. The advantage of using silicon membranes for ISEs is that they can sustain the high temperatures necessary for sterilization, and are associated with a lower nonspecific adsorption of proteins in biological samples. 39 Polyvinyl chloride (PVC), which is another common material for ionselective membranes due to its good compatibility with ionophores, 40 lacks heat-stability. Three different membrane compositions of Et + ISEs were evaluated. The ratio of Siloprene K1000 to the Siloprene closslinking agent K-11 was selected as 5:1, 7:1 or 9:1 with a constant amount (4 weight%) of KTpClPB. In this experiment, these electrodes were conditioned in a 10 mM Tris-HCl buffer (pH 7.0) overnight (over 12 h). Figure 3 shows the potentiometric response behavior of three individually fabricated Et + ISEs of each membrane composition. (Fig. 4(a) ) varied with the conditioning solution. Conditioning in an internal electrolyte solution (iii) resulted in the best electrode behavior, since all slopes were within 2% of the theoretical figure determined by the Nernst equation (61.5 mV/CEt+ decade at 37 C). Figure 4( The hand-made reference electrode showed a response behavior and potential stability equivalent to the commercial reference electrode up to a period of use of 6.0 h, therefore making it suitable for the continuous monitoring of PG-RCA.
In conclusion, the fabrication of the miniaturized Et + ISE was sufficiently reproducible, and the obtained electrodes showed promising functionality for application to DNA detection.
Optimization of EtBr concentration
In general, the presence of a high concentration of a DNA intercalator is known to inhibit DNA amplification. 29, 34 In the present DNA amplification monitoring system using the Et + ISE, EtBr acts as an electrochemical signal reporter, making its initial concentration an important factor for obtaining a significant potential decrease during DNA amplification. To examine the influence of the inhibitory effect of EtBr on the DNA amplification efficiency, PG-RCA (target DNA 1 μM, 100 nM, 10 nM) was performed in the presence of various EtBr concentrations (1 × 10 -5 -1 × 10 -4 M), as shown in Fig. 5 . The amount of PG-RCA products was compared by analyzing the fluorescence intensity of each ladder in agarose gel electrophoresis. As expected, the pattern and brightness of the amplicons were directly affected by the concentration of EtBr. 100, 200, 300, 400, 500, 700, 1000, 1300, 1500, 2000, 3000, 4000 , 5000, 7000, 10000 and 20000 bp from the bottom).
With increasing amounts of EtBr, a trend to decreasing DNA amplification efficiency was observed for all of the initial target DNA concentrations (Fig. 5) . To compare the distribution of the fluorescence intensity of each ladder, the length and the amount of the PG-RCA products were compared. In all cases, DNA amplicons of around 20000 bp were the main product. LRCA is a technique used to continuously amplify a circular DNA with concatenated sequence repeats of the circular template at a constant low temperature, and PG-RCA successfully enhances the amplification efficiency by the simple addition of a nicking enzyme to LRCA. 24, 27 Therefore, these long products of 20000 bp DNA are typical for LRCA. There are two known binding modes of EtBr to DNA: the well-known intercalation, and external binding. 32, 35 The latter is caused by hydrogen bonding and electrostatic interaction between the negatively charged sugar-phosphate DNA backbone and the positively charged Et + cation. 32, 34, 35 In this way, EtBr binds to the free DNA, leading to the inhibition of hybridization between the target DNA or the primer and the circular probe, as well as the inhibition of DNA polymerase binding to the target DNA. Thus, increasing the EtBr concentrations above a certain extent causes a decrease of the amplification efficiency. For the purpose of measuring a high potential response within the dynamic measuring range of the Et + ISE, high initial EtBr concentrations are preferable. In consideration of the DNA amplification efficiency, 5 × 10 -5 M EtBr was finally chosen as the initial amount for potentiometric measurements.
Potentiometric real-time monitoring of PG-RCA
The results of the real-time monitoring of PG-RCA by potentiometry using the Et + ISE are shown in Fig. 6 . A measurement system consisting of the Et + ISE and the reference electrode was easily affected by noise induced by environmental factors, such as vibration or electromagnetic fields. To address this issue, the system was placed in an effective Faraday cage so as to guarantee stable measurements during monitoring. A separately manufactured set of electrodes was used for each single measurement. Therefore, the initial potential values (t = 0 min.) were normalized to compensate for individual differences in the standard potential, E0, of each electrode. The potentiometric signals gradually decreased over time, and the rate and range of the decrease depended on the initial target DNA concentration. A constant potential was observed in the case of the target DNA-free control sample. In the case of 1 μM of the initial target DNA, the initial concentration ratio of the target DNA to EtBr was 1:50, which provides an excess of EtBr in the sample. EtBr is known to bind to every 2 -3 bp and the specific binding mode generally switches to external binding at low salt concentrations, or when the EtBr concentration is higher than the DNA concentration. 32, 35 Many binding sites for EtBr exist in the initial stage of PG-RCA. The slope of the measured potential response indicated a rapid EtBr concentration change, with a particularly fast potential decrease within the first 40 min. After the 40-min reaction time, the potential value decreased by 60 mV, which corresponds to a 90% reduction of the free EtBr concentration. In the case of 100 nM of the initial target DNA, the initial concentration ratio of the target DNA to EtBr was 1:500, and a nearly constant potential decrease was observed for over 120 min. The potential value decreased by 30 mV within 40 min. Comparing the slopes of the potential decrease of the 1 μM initial target DNA samples within the first 40 min and 100 nM in the time between 40 min and 120 min of the amplification reaction, equal values of around 0.75 mV/min have been observed. With progressing measurement time and DNA amplification, the slopes of the potential decrease become linear, pointing towards linear DNA amplification due to LRCA and enzyme deactivation.
In the case of monitoring the DNA amplification by conventional real-time PCR, SYBR Green I (SG) is the most commonly used dye for fluorescence measurements. 36 The SG concentration is generally on the order of 10 -6 to 10 -7 M, which is up to five-hundred-fold lower than the EtBr concentration used in the electrochemical system described here. This concentration difference is related to the binding affinity. At neutral pH, SG carries two positive charges, while EtBr has only one. 36 In addition, the observed size of the SG binding sites on DNA consisting of 3 -4 bp is larger. 36 These characteristics result in a stronger affinity of SG to DNA compared to that of EtBr to DNA (the dissociation constants, Kd, are 5556 ± 60 nM for EtBr and 45.0 ± 1.0 nM for SG in 100 mM NaCl, TE, pH 7.6). 36 The strong association constant of SG tends to the inhibit DNA amplification; in fact, under the current measurement conditions, the presence of 5 × 10 -5 M of SG instead of EtBr during PG-RCA drastically inhibited the DNA amplification (data not shown). On the other hand, DNA amplification proceeds smoothly in the presence of EtBr, even at a relatively high concentration, because of the comparably weaker DNA affinity of EtBr. Therefore, the use of EtBr allows for the monitoring of DNA amplification at a low initial DNA concentration by potentiometric measurements. The detection limit of common polymer membrane-based ISEs is typically in the micromolar range. 38, 47 Since DNA amplification can be performed at EtBr concentrations above the detection limit of ISEs, EtBr is suitable as an electrochemical signal reporter in this system. In conclusion, the EtBr binding ability to DNA was successfully applied to the real-time monitoring of the PG-RCA progress using an Et + ISE.
Conclusions
A potentiometric monitoring system for isothermal DNA amplification by PG-RCA was realized based on the potential response of a miniaturized Et + ISE and a miniaturized reference electrode. Both electrodes could be easily fabricated in an ordinary chemistry laboratory for much less than one dollar, thus making them disposable. Moreover, a method for sensitive DNA detection by combining PG-RCA with potentiometry was developed. A potential decrease depending on the initial target DNA concentration was confirmed by PG-RCA monitoring of 0, 10 nM, 100 nM, and 1 μM of the initial target DNA. However, the sensitivity does not match that of fluorescencebased real-time PCR, whose detection limit is 10 copies. 21 Future work will focus on improving the sensitivity by employing other isothermal amplification or sample enrichment methods using microfabrication technology. The electrochemical measurement system is suitable for the integration, miniaturization and cost-reduction of the analytical equipment, potentially enabling the point-of-care detection of infections and viruses.
